In the electron beam powder bed fusion (EB-PBF) process, a substantial number of high-gamma prime Ni-based superalloys are considered as non-printable due to a high propensity to form cracks. In this research, we focused on computational modeling framework to predict solidification-related cracking phenomena in EB-PBF processes. The cracking analysis was performed on cylindrical overhang structures where the cracks are observed only on one side of the part. Comprehensive microstructural characterization correlated the cracking tendency to low-melting point liquid-film formation along columnar grain boundaries with high misorientation angles due to partitioning of alloying elements. Uncoupled numerical thermal and mechanical models were used to rationalize the relationship between process parameters, build geometry, and cracking. The simulations showed asymmetric temperature distributions and associated asymmetric tensile thermal stresses over a cross section due to differences in section modulus and periodic changes in beam scanning directions. The results provide a potential pathway based on spatially varying beam scanning strategies to reduce the cracking tendency during additive manufacturing of complex geometries on the overhang structure in high-gamma prime nickel-based superalloys.
I. INTRODUCTION
POWDER bed fusion (PBF) either with electron beam or laser technology allows for manufacturing of metallic components with greater flexibility in geometric design. However, the applications of PBF to nickelbased superalloys, especially with high volume fraction of c¢ precipitates, have been limited either to prototype evaluation or low volume production due to challenges in qualification and certification. These challenges are mainly attributed to the presence of defects (i.e., porosity, lack of fusion and cracks), surface roughness, improper dimensional tolerance, and also non-optimal c¢ precipitate distributions. [1] [2] [3] Mar-M247 has been widely used for last three decades in aerospace and gas turbine industries due to its superior mechanical strength, hot corrosion resistance, and high-temperature creep behavior. [4] However, Mar-M247 is classified as a traditionally non-weldable alloy [5] due to various cracking mechanisms [6] including solidification, liquation, strain age, and ductility-dip cracking brought about by complex thermal histories and mechanical constraints. The mechanical drivers for the cracking involve (i) thermal stresses that stem from rapid heating and cooling with thermal gradients and/or (ii) presence of residual stresses that is brought about by the gradient in accumulated plastic strains. Although physical processes during metal additive manufacturing (AM) are analogous to welding, AM involves complex and widely varying geometries that lead to complex interactions between geometry, process, and spatial and temporal variation of cracking susceptibility. [7] [8] [9] Therefore, additive manufacturing of complex geometries requires exhaustive experimental trial and error optimization and challenges the business case for adoption of PBF processes.
Microstructural characteristics should be examined to guarantee AM part quality associated with cracking during solidification. Ni-based superalloys contain many alloying elements such as aluminum, boron, chromium, cobalt, molybdenum, rhenium, tantalum, titanium, tungsten, and zirconium. These alloying additions were systematically added to reduce casting defects such as freckles, improve grain boundary stability by inducing carbides, as well as to arrive at an optimum size and shape distribution of gamma prime precipitates through carefully designed heat treatments. However, during solidification conditions prevalent in welding or AM, these alloying additions partition at different magnitudes between solid and liquid. The above solute partitioning, in turn, widens the solidification temperature range [DT L-S = T (Liquidus) À T (solidus) ] and modifies the amount of terminal liquid. [10] It is generally believed with larger DT L-S , the propensity for hot cracking [11] increases. The initiation and propagation of hot cracking occurs along the solidification grain boundaries where a continuous liquid film is present until the last stage of coalescence. [12] When the solid fraction lies in between 0.7 and 0.98, [13] dendrite arms have almost coalesced such that interdendritic liquid flow becomes difficult to heal the cracks. As a result, the grain boundaries cannot accommodate the normal tensile stresses brought about by thermal gradients during welding. In addition, the tendency for hot cracking is sensitive to the orientation of the solidification grains with respect to the direction of tensile stresses. For example, columnar grains growing normal to the welding direction are detrimental to hot cracking. [14, 15] Kou [11, 16] showed that fine equiaxed grain structures are less susceptible to the cracking. For fine equiaxed grains, the extent of elemental segregation is less at the grain boundaries. As a result, for the same amount of terminal liquid volume, the wetting of liquid along the grain boundary is lower. Furthermore, the finer grain size leads to less stress concentration at the boundaries of individual grain. The grain boundary crystallographic misorientation influences the hot cracking. Wang et al. [17] investigated the impact of grain boundary angle on solidification cracking tendency. They showed that solidification cracking preferentially occurs at high angle boundary above a critical value (~13 degree). Thus, the cracking can be avoided if the boundary angle is kept small or zero. Park et al. [13] investigated the effect of stray grains (having relatively high angle grain boundaries) on solidification cracking in welds of Ni-based superalloy. A weld with asymmetric crystallographic orientation was produced under three different process conditions of power and velocity. They observed solidification cracking only occurs on one side of the weld, confirming that the cracking preferentially forms along the stray grain boundaries. The distance of cracking propagation is affected by the liquid distribution at the grain boundaries. Surface tension (i.e., wettability) determines the liquid distribution. If the remaining liquid scarcely wet at the grain boundary, the liquid will exist as isolated pockets and the solid-solid bridging is promoted. [10, 12] As a result, the microstructure becomes less sensitive to cracking. Zhang [12] reported that Zr and B lower surface tension and develop continuous liquid film at the grain boundary such that the elements should be carefully controlled in Ni-based superalloys.
Part properties can be improved through control of scanning parameters (e.g., power, scan speed, and beam shape) and scanning patterns (e.g., island, raster, and point net). In welding, Mitchell et al. [18] showed that the formation of cracks in Mar-M002 could be controlled using multiple discrete electron beams. The main and secondary beams were simultaneously used to weld parts and to control thermal and stress distributions around the weld. Control of scanning pattern is another feasible way to improve part quality. Carter et al. [8] studied the cracking behavior in CM247LC using an island scan-strategy forming a checkerboard pattern in selective laser melting (SLM). The island scan-strategy produced a bimodal grain structure consisting of columnar grains surrounded by fine equiaxed grains. They observed that heavy cracking occurs only at the intersection of the islands where fine equiaxed grains are dominant. Ma and Bin [19] investigated the effect of scanning patterns on temperature, residual stress, and distortion using a numerical method. It was concluded that fractal scanning pattern reduces non-uniformity in temperature and part distortion. Catchpole-Smith et al. [20] studied the effect of fractal scan strategies, namely Hilbert and Peano-Gosper patterns, on cracking of CM247LC in SLM. They showed that the cracking origins and paths are repeated regardless of process parameters. Cheng et al. [21] studied the effect of scanning strategy on the evolution of residual stress in SLM. They accessed residual stress at various scanning patterns of island, line, in-out and out-in, and the angles of 45, 67, and 90 deg. The results showed that the level of thermal stress and distortion is low at the cases with inclined scanning angles. Zaeh and Kahnert [22] presented that scanning strategy has considerable influence on the part quality in EB-PBF. They utilized three different scanning patterns of unidirectional, alternating, and checkerboard. The experimental results showed that unidirectional pattern leads to high residual stress during cooling and consequently results in delamination between layers. Recently, Kirka et al. [23] demonstrated that microstructure and mechanical properties of IN718 could be controlled by scanning strategy in EB-PBF process. In the study, the columnar grains fabricated by standard raster scanning pattern show anisotropic tensile properties, whereas the equiaxed grains fabricated by point heat-source scanning pattern exhibit isotropic tensile properties.
For ensuring part quality, the scanning pattern and process parameters should be wisely selected in consideration of build geometry. Lee et al. [24] investigated the effect of build size on IN718 microstructure in EB-PBF using point heat-source scanning patterns. They showed that same power and spot-time might not produce identical microstructure at the smaller size of builds due to differences in beam return-time. Particularly, in overhanging or protruded structures having an inclined angle of downward-facing surface with baseplate, proper choice of the process parameters is highly required because it is more challenging due to unbalanced temperature and stress profile in part. The inhomogeneity in temperature and stress can lead to defects such as cracking initiation and warpage. [25] Thomas et al. [26] proposed normalized process map for EB-PBF process based on normalized energy density. They showed that microstructure and defects can be controlled through careful section of process parameters. Nevertheless, the process map was developed for largely small and simple geometries such that the effect of process parameters on thermal mass in complex geometries and resulting microstructure and defects has not fully understood.
Based on the above literature survey, we concluded that limited studies in EB-PBF are available on hot cracking phenomenon in the processing of high-gamma prime alloys with overhang structure. Therefore, the present study aims to develop a computational framework to predict the cracking phenomena during solidification in a systematic approach and focuses on the role of geometry and processing conditions on cracking tendency. The modeling framework for cracking tendency will allow us to develop theoretical insight into correlations between microstructure, process parameters, build geometry, and cracking in high-gamma prime alloys as well as arrive at solutions to mitigate the cracking tendency for any arbitrary cross-sectional geometry.
II. EXPERIMENTATION

A. Electron Beam Powder Melting
Cylindrical parts with a diameter of 7.5 mm were built to investigate the effect of overhang structure on cracking. We used Arcam Q10 plus machine with 304-stainless steel start plate of 150 mm 9 150 mm 9 10 mm in dimensions. The Mar-M247 powder was manufactured by PraxairÒ* through gas atomization.
The composition of Mar-M247 is listed in Table I . The powder particle is in size range of 40 to 120 lm. The layer thickness was 50 lm. The preheat temperature was 1298 K. A standard raster beam scan pattern was used.
Since the values of process parameters are often considered as intellectual property by many industries, the values are given as a range in this study. The process parameters of beam current (30 to 40 mA), scan velocity (4.53 m/s), and hatch spacing (70 to 125 lm) were used to fabricate the Mar-M247 parts.
B. Observations of Cracking and Microstructural Characterization
The cylindrical parts (see Figure 1 ) were built at angles of 30, 40, 45, and 50 deg with reference to the build direction (z-direction) with identical process parameters for the builds. A support structure in the shape of a cone 8 mm in height was built first and then the cylinder 42 mm in height was built on top of it. As a part of our standard qualification route, the cylindrical part was sectioned parallel to the build direction at the center of the part and characterized with an optical microscope. Interestingly, the un-etched surfaces showed consistent cracking only on the left side of the cylindrical parts with a clear distinction between crack and crack-free regions. After the observation, the samples are successively polished with silicon carbide paper, 1 lm diamond suspensions, and 0.04 lm colloidal silica finish for texture analysis. The texture of the samples is investigated using a JEOL 6500 with a EDAX Hikari EBSD (Electron Backscatter Diffraction) camera.
Total crack length of each sample was measured using image processing software (Image J, NIH). The original optical images from the angles of 30, 40, 45, and 50 deg were converted to a binary format in Figures 2(a) through (d). The cracked and non-cracked regions were highlighted by the contrast difference in black and white color. Then, the crack length was estimated by measuring the length of black lines on the images. Figure 2 (e) shows that cracks are predominantly observed on the left side of the parts and the crack length varies with the angles. It indicates that the cracking tendency is strongly related to the part geometry.
In the past, spatial influence of building orientation has been correlated to microstructure heterogeneities on additively manufactured part. [27] Also, cracking has been correlated to regions with large crystallographic misorientation. [13] Therefore, detailed scanning electron microscopy (SEM) characterizations were performed to extract both chemical and crystallographic information from the interest region using energy dispersive spectroscopy (EDS) and EBSD techniques. The methodology for the above has been discussed extensively in other publications from the co-authors of the papers. [28] Therefore, instead of repeating the same, the reader is referred to these publications for details of imaging and crystallographic analyses. 
III. NUMERICAL SIMULATION METHODOLOGY
A. Hypothesis of Asymmetric Cracking Mechanism
Any simulation exercise should start with the question to evaluate a hypothesis. In this regard, we have proposed the following scenario for our modeling activities based on spatial and temporal changes in thermal distribution due to variations in beam scanning strategy and variations in mechanical constraints due to changes in section modulus. Since the titled parts are surrounded by powder particles, thermal conditions on the left (solid) and right (overhang) side of the part would be different. This condition is explained schematically in Figure 3 . Since the conductivity of the powder is approximately 0.3 to 1.5 pct of the bulk material, [29] the heat rapidly conducts out through the solid region on the left side such that the layer cools faster on the left. Also, the left region is restrained by the solid below. It can be hypothesized that asymmetric temperature distribution is produced due to the powder particles and leads to inhomogeneous thermal stresses. Consequently, the mechanical driving force for cracking may be satisfied only on one side of the cylinder and thereby inducing the asymmetric cracking. However, we need thermal and mechanical modeling to verify the above hypothesis.
B. Integration of Material, Thermal, and Mechanical Modeling
Rapid advancement of computational capabilities enables to capture the key features of AM processes. High-fidelity multi-physics codes, VOF (volume of fluid) [30, 31] , FVM (finite volume method) [29] , ALE3D (arbitrary Lagrangian-Eulerian) [32] , LBM (lattice Boltzmann method), [33, 34] and FEM (finite element method) [21, 35] , have been used to understand melt pool characteristics, defect formation, residual stress evolution, and process-material-structure relationship. However, these high-fidelity models are still computationally expensive and limited only to a couple of tracks in the order of millimeters. [30, 32, 34] The limited access to HPC makes a simulation of the component level effects challenging. Therefore, in this research, a low-fidelity heat transfer model is implemented based on the numerical solution of heat conduction equation using Python library code, FEniCs. [36] The code solves partial differential equation (PDE) using finite element method (FEM) on a predefined mesh and assume heat transfer purely through conduction and ignore the fluid flow, latent heat absorption or release, and temperature-dependent material properties. Three-dimensional thermal simulation using FEniCs is implemented to describe the cylindrical parts with angles shown in Figure 1 . The geometry and meshes were created using the built-in Python library, DOLFIN. [37] The computation domain with dimensions of 7.5 mm (diameter) [38] :
where q is density, C p is specific heat, T is temperature, t is time, h is thermal conductivity, and _ E is energy input deposited by the heat source. The thermal energy to fuse powder comes from the focused electron beam. A moving volumetric heat source with Gaussian distribution is adopted to consider the interaction between material and heat source. The approximated mathematical expression is given below [39] :
where A e is effective absorption coefficient of electron beam, P is electron beam power, r b is radius of the beam, and d p is the penetration depth. Thermal and mechanical properties of Mar-M247 alloy are assumed to be constant at all temperatures. Adiabatic boundary conditions are assumed for the side surfaces since there is no heat flux passing through the surfaces due to the low conductivity of the powder bed. Steady state is assumed for the bottom surface. The effect of fluid flow on temperature and melt pool geometry is neglected. Furthermore, convectional heat loss through gas on the surfaces is ignored because to vacuum operating condition of EB-PBF. Heat loss by radiation through the top surface is considered as the equation below:
where q r is heat flux by radiation loss, -is Stefan-Boltzmann constant of 5.67 9 10 À8 W/m 2 , e is emissivity, and T v is vacuum temperature. The material properties used in the heat transfer simulation is given in Table II . The above equations were solved in the 3D spatial domain and the measured temperature distributions were transferred to mechanical analyses. The heat transfer model and mechanical stress model were sequentially coupled with an assumption that mechanical deformation of surfaces would not lead to changes in thermal properties and vice versa. [13] The solidification temperature range is strongly affected by the alloy composition and non-equilibrium processing conditions. Scheil-Gulliver model computes solute segregation during solidification of an alloy such that it provides a better estimation of solidification temperature range than equilibrium model. Therefore, the temperature range is estimated using the Scheil-Gulliver methodology within ThermoCalcÒ [40] software. The Scheil model assumes no solute diffusion in solid phase, complete mixing in liquid phase, and local equilibrium at the solid-liquid interface. The thermo-mechanical properties are obtained from the material simulation of JMatPro [41] in Table III . Young's modulus provides stress-strain relationship up to yield point. Hence, a constitutive plasticity theory is considered for a stress evolution in the plastic range. For the sake of simplicity, an isotropic hardening model, [42] which is commonly used in thermal-stress analysis such as welding, [43, 44] is utilized in this study. It is noteworthy that these properties do not consider thermal history-dependent precipitation. In other words, the material properties are sensitive only to temperature and not the time spent at each temperature.
The methodology for cracking analysis is schematically illustrated in Figure 4 . The material properties were calculated using material modeling tools. The obtained properties are used as input values for both heat transfer (e.g. conductivity, solidus, and liquidus) and stress model (e.g., young's modulus and thermal expansion). Heat transfer model considers beam parameters, adiabatic boundary conditions, and the angled geometry. The heat transfer model provides the predefined temperature boundary condition for stress analysis. Stress model considers the influence of the mechanical constraint and geometry on thermal-stress evolution.
To reveal the correlations between the temperature distribution and the cracking tendency, it is important to examine the transient stress evolution during the melting process over all positions on the layer. The workflow to link the heat transfer model to stress model is given in Figure 4 (b). Transient temperature distribution calculated in FEniCs is converted to commercial FEM code, Abaqus [42] for thermal-stress analysis. First, temperature and coordinate values at each node on the layer are extracted from the heat transfer model. Then, the values are converted to a format for abaqus simulation through in-house conversion codes (Matlab and Python script). The converted values are used as a predefined temperature for stress analysis. The mechanical model has 7224 hexahedral elements. C3D8R type element was used to obtain stress information developed during the melting process. The bottom region of the part is fused on the start plate. Hence, the bottom surface is fully constrained in all x, y, and z-direction during the simulation.
IV. RESULTS AND DISCUSSION
A. Correlation of Microstructure and Cracking
The sensitivity of the microstructure evolution as a function of build location was evaluated using EBSD. The microstructural change in size and shape was investigated at three distinct locations of the left, middle, and right region at 30 deg shown in Figure 5(a) . Dominant columnar grain structure is observed over all locations in Figure 5 (b). The size of columnar structure is consistently 26.0 ± 1 lm in Figures 5(a) through (c). It implicates that there is little influence from the build location on the size of the microstructure.
Energy dispersive spectroscopy (EDS) analysis was performed at the cracked and crack-free region. In Figure 6 , Ta and W solute enrichment is observed at the cracked region, whereas they are uniformly distributed at the crack-free region (= no elemental segregation). The result implicates that the solute enrichment forms from terminal liquid during solidification at the cracked region.
Scheil simulation in Figure 7 shows that solidification temperature range is significantly widened due to partitioning of alloy elements. The range is varied from 41 K in equilibrium to 151 K in non-equilibrium condition. The size becomes 3.5 times larger in Scheil condition (= non-equilibrium) than equilibrium condition. Also, the Scheil calculation predicts the presence of boride or carbide phase during solidification. Mar-M247 contains B of 150 ppm and Zr of 500 ppm shown in Table I . B and Zr are undesirable for strong grain liquid-solid cohesion. It is because these elements act as surface active element reducing surface tension. As a result, the terminal liquid wets and spreads well along the grain boundary and restricts the solid bridging and induces hot cracking. The presence of boride in non-weldable superalloy and its effect on hot cracking in EB-PBF is reported by the recent literature. [7] EBSD was used to examine the influence of microstructure on asymmetric cracking. The inverse pole figure in Figure 8(a) shows that the grain morphology on either side of the cracks was identical. In Figure 8 (b), high average misorientation is observed adjacent to the cracks indicating the presence of thermal stress during solidification. Figure 8 gradient leading to subtle changes in the orientation of these sub-grains during solidification or from a plastic deformation caused by thermal-stress. It should be noted that residual stress on cooling can cause cracking. However, the level of residual stress in EB-PBF is considerably low compared to laser-PBF due to high preheat temperature of 1298 K reducing thermal gradient through the part. Figures 8(c) and (d) show a grain boundary map at the cracked and crack-free regions. High density of sub-grains with low-angle boundaries are observed at the cracked region, while there are comparatively small number of sub-grains with low-angle boundaries at the crack-free region. It indicates that the two regions underwent different level of strain during solidification or plastic deformation. The spatial relationship between thermal gradient and geometry should be studied with further details. 
B. Effect of Process Parameters and Geometry on Temperature Distribution
Heat transfer simulation is carried out to understand the effect of geometry on temperature distribution in Figure 9 . The beam scans horizontally on the layer from top to bottom along the y-axis. Three supports with 0.3 mm thickness are used for the cylinder with a 50 deg angle. The simulation results show that the supports provide additional cooling in Figure 10(b) . However, DT between the build with and without support is only 22 K. Also, in both cases of with and without support, still the temperature distribution is considerably asymmetric in Figures 9(a) and (b) . It indicates that the symmetricity of temperature distribution is almost independent of the presence of support in this case. As a result, higher temperature is observed at the bottom and right-corner region. The melting area varies with the tilting angles shown in Figures 9(a) and (c) . The melting area would affect the temperature distribution since the scan length from left to right and from top to bottom is shorter at smaller angles. The time interval from the left edge to right edge becomes shorter than that at a larger angle. As a result, the temperature distribution over the layer becomes more symmetric. In a comparison of the build at 50 deg in Figure 9 (a) to at 30 deg in Figure 9 (c), DT along line A to B becomes 54 pct of DT at 50 deg. It indicates that the smaller tilting angle can help to reduce temperature non-uniformity. However, there is still significant inhomogeneity in temperature distribution (DT = 89 K) in the cylinder at a 30 deg angle. Therefore, we can assume that asymmetric temperature distribution leads to asymmetric stress evolution in all cases with angles of 30, 40, 45, and 50 deg.
C. Formation of Asymmetric Cracking
The crack formation during solidification is strongly related to the feeding of liquid. For instance, the crack forms at the end of solidification along the interdendritic grain boundary when the liquid film and a certain level of stress are present. The presence of liquid film can be understood by considering the size of solidification temperature range (i.e., the size of the mushy zone) shown in Figure 7 . The wider temperature range, in general, indicates that the liquid film is present at a lower temperature and consequently increases a chance of hot cracking at the grain boundaries. [11] The extent of the liquid film between dendrites can be determined by the volume fraction of solid f s . [45] The material modeling tool calculating non-equilibrium Scheil equation is used to characterize f s as a function of temperature. However, since the Scheil equation does not examine coalescence of dendrites, the range of crack susceptible temperature should be defined empirically. It is reported in a prior literature [13] that when the range of f s is in 0.7 to 0.98, a material becomes susceptible to hot cracking. The corresponding temperatures to the solid fractions are 1498 K and 1623 K, respectively.
The hot cracking potentially occurs where tension is present in the susceptible temperature range. Figure 10 shows (a) temperature distribution and corresponding (b) thermal stress in the y-axis and (c) susceptible temperature range during horizontal scanning. The beam moves horizontally from top to bottom of the cylinder. Relatively high tensile stress is found at the left edge and upper middle on the layer in Figure 10 (b). Those are likely possible cracking regions regarding stress level. However, cracking was only observed on the left edge in the experiment. It indicates that the cracking initiates at the intersection of the high tension and susceptible temperature range which is the left edge of the build.
Cracking occurs only when the tension (= Stress > 0) and susceptible temperature range coexist during the melting process. In other words, if the stress is compression (= Stress < 0) or the temperature is out of susceptible temperature range, cracking will not happen. Therefore, the crack susceptibility, C S can be represented by the equation below.
where S is the stress along y-direction, T is the temperature, and T th is the temperature at f S of 0.98. b is a young's modulus at the melting temperature to make C S as a dimensionless quantity. The cracking tendency on the angled build is investigated as a function of time, stress, location, and temperature. The temperature and stress values at each nodal point are tracked with time. The cracking susceptibility is evaluated based on the criteria above at every location on the build. Since the material's resistance to cracking (threshold value of stress or strain initiating cracking) varies with the process parameters, location, and composition, etc., [46] the threshold stress value initiating the asymmetric cracking is assumed to be 120 MPa. Higher cracking susceptibility is found on the left side of the build, while there is no cracking observed on the right side of the build in Figure 11 (a). There may be a chance of cracking in the middle of the build, but the cracks are not observed in the actual build. The susceptible temperature range on the left side is markedly narrower in Figure 11 (b) than that on the right side in Figure 11 (c) due to higher heat conduction rate through the solid bottom. However, the tensile stress is developed only on the left side of the build that leads to cracking. The compressive stress is dominant on the right side of the build such that cracking cannot occur even though the cracking susceptible temperature range is significantly wider in Figure 11 (c) than that in Figure 11 (b). It is reported that the compressive stress can become dominant in the susceptible temperature range at a certain condition in welding such that it suppresses the formation of cracks. [46] This trend is consistent with the predicted results in this AM study.
The scan pattern or direction is a critical factor affecting temperature distribution. The vertical scan pattern is further investigated for the comparison to the horizontal scan pattern. The raster scan starts from the left edge and ends at the right edge in Figure 12 (a). The temperature develops from left to right edge such that high-temperature region remains at the right edge. However, non-uniformity is not as severe as the one in horizontal direction since it shows symmetric temperature distribution about the x-axis. The corresponding thermal stress in y-axis to the temperature distribution and susceptible temperature range are shown in Figures 12(b) and (c) during vertical scanning. As the beam moves from the left to right, the high stress develops at a region behind of the melting area where the solidification completed. The region showing high tension is not in the susceptible temperature range such that cracking seems not to occur during solidification. Note that the region showing higher tension at the front of the beam will be swept and the stress will be reset to be zero during the melting of the layer. Thus, the stress found at the front of the beam can be neglectable.
V. SUMMARY AND CONCLUSIONS
Asymmetrical cracking has been observed in the Mar-M247 cylindrical parts with the tilting angles of 30, 40, 45, and 50 deg. EBSD analysis showed that the size of columnar structure is consistent regardless of the build locations. It indicates that there was no effective influence of the grain size variation on crack formation. Also, EBSD observation shows that there was different level of strain at the cracked and crack-free region during solidification or plastic deformation. EDS result showed that local compositional enrichment near the cracked region. The result implicates that the solute enrichment forms from the terminal liquid during solidification. Scheil simulation predicted an approximately 3.5 larger solidification temperature range due to partitioning of alloying elements. Also, the simulation predicted the presence of boride and carbide phase during solidification. All results direct that cracking highly happens at the boundary due to liquid film.
The part is fabricated from the powder layer such that the tilted part gradually becomes overhang structure as the deposition proceeds. The conductivity of the powder particles is significantly low compared to the conductivity of the bulk part. It leads to discrepancy in heat Fig. 12 -Evolution of (a) temperature distribution, (b) thermal stress, and (c) susceptible temperature range during vertical scanning; hot cracking is suppressed due to no tensile stress in the susceptible temperature range. conduction rate through the left and right side of the part. Asymmetricity in temperature distribution was shown using the heat transfer model. The simulation results showed that although the thin supports help to achieve uniform temperature distribution, the impact is not effective to erase asymmetric temperature distribution from the layer during the process. The smaller angle of 30 deg provides better uniformity in temperature distribution. However, again, the asymmetricity remains over the layer.
Uncoupled numerical thermal and mechanical models were used to rationalize the relationship between process parameters, build geometry, and cracking. The temperature distribution from the heat transfer model is converted to the thermal-stress analysis using in-house codes. The susceptible temperature range was calculated using material modeling tool to consider alloy composition effect. The thermal stress and corresponding susceptible temperature range were simultaneously analyzed to reveal the location of crack initiation. The thermal-stress analysis in horizontal scanning direction showed that high tension is produced at the left edge and middle of the part. The susceptible temperature range only intersects the left edge of the part where the cracks were observed. Further cracking susceptibility analysis showed that tensile stress develops on the left side of the build, while compressive stress suppressing the formation of cracking develops on the right side of the build. It confirms the reason why the hot cracking initiates at the left edge during the solidification.
The thermal-stress analysis in vertical scanning direction showed the influence of scan direction on cracking formation. The simulation results showed that the high stress develops at a region behind of the melting area where the solidification is completed. It indicates that the region in high tension is not in the susceptible temperature range such that the cracking cannot occur during solidification. The result suggests that varying beam scanning direction can suppress the cracking formation.
In this study, we showed that the cracking behavior is influenced by the scan pattern and the build geometry. Optimizing scan pattern potentially helps to mitigate the crack formation on the cylindrical overhanging structure. Also, controlling building angle could reduce the inhomogeneity in a temperature distribution such that it might alleviate the cracking. In practical build, the scan direction is periodically alternating at every layer. As a future work, profound understanding of correlations between the periodicity in scan direction, the thermal signature, and various build geometries is essentially required to eliminate the cracks from random geometries and size in high-gamma prime nickel-based superalloys.
